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Abstract: Reduced magnesium (Mg) intake is a frequent cause of deficiency with age together with
reduced absorption, renal wasting, and polypharmacotherapy. Chronic Mg deficiency may result in
increased oxidative stress and low-grade inflammation, which may be linked to several age-related
diseases, including higher predisposition to infectious diseases. Mg might play a role in the immune
response being a cofactor for immunoglobulin synthesis and other processes strictly associated
with the function of T and B cells. Mg is necessary for the biosynthesis, transport, and activation
of vitamin D, another key factor in the pathogenesis of infectious diseases. The regulation of
cytosolic free Mg in immune cells involves Mg transport systems, such as the melastatin-like transient
receptor potential 7 channel, the solute carrier family, and the magnesium transporter 1 (MAGT1).
The functional importance of Mg transport in immunity was unknown until the description of the
primary immunodeficiency XMEN (X-linked immunodeficiency with Mg defect, Epstein–Barr virus
infection, and neoplasia) due to a genetic deficiency of MAGT1 characterized by chronic Epstein–Barr
virus infection. This and other research reporting associations of Mg deficit with viral and bacterial
infections indicate a possible role of Mg deficit in the recent coronavirus disease 2019 (COVID-19)
and its complications. In this review, we will discuss the importance of Mg for the immune system
and for infectious diseases, including the recent pandemic of COVID-19.
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19
1. Introduction
About eleven thousand years ago, with the introduction of agriculture, the human be-
ings radically modified their way of living from the remote and primitive hunter–gatherer
organization towards a new form of more sedentary cohabitation, which also included the
domestication of animals. The new epidemiological scenario allowed the coexistence of mi-
croorganisms, wild and domestic animals, and the human beings, which is now recognized
as the origin of the most important human infectious diseases [1]. These diseases can only
be sustained in large dense human populations that did not exist anywhere in the world
before agriculture. Despite the fact that this story began so long ago and notwithstanding
the advances in the development of vaccines and antibiotics, infectious diseases continue
to be a major burden in global public health [2]. Furthermore, new emerging infectious dis-
eases continue to be described and can lead, as at the present time, to pandemics that reveal
our unpreparedness to face new infectious noxae. In fact, overcrowding and population
movements can make a local infectious problem turn into a serious and feared pandemic
attack in a short period of time as a consequence of globalization.
Historians increasingly recognize that infectious diseases have shaped the course of
history as in the emblematic example of how more Native Americans died from microbes
brought by the European conquerors rather than by their swords and guns allowing the
relatively easy conquest of the new discovered territories [1]. Humanity today is again
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witnessing the profound changes that infectious diseases can produce in history with
the tragic mortality toll and economic hardship caused by the coronavirus disease 2019
(COVID-19) pandemic.
Infections are more frequent in vulnerable populations such as older adults for a
number of reasons, including the physiologic changes that accompany “normal” aging
and the multimorbidity frequent in older populations with various simultaneously occur-
ring chronic diseases as well as the medical, diagnostic, and surgical interventions that
accompany them. Not only are infections more frequent in older adults, but they can be
more injurious generating a cascade of complications that result in substantial human and
financial costs [3].
Magnesium (Mg), a mineral of primary physiological importance, is the most abun-
dant divalent cation in living cells. In the human body, Mg is the second most abundant
intracellular cation after potassium and the fourth most common mineral in the whole body
after calcium, sodium, and potassium. Mg is an essential cofactor for numerous biological
processes (estimated at over 600) acting both on the enzymes as a structural or catalytic
component and on the substrates [4] and it is required for oxidative phosphorylation,
energy production, protein synthesis, glycolysis, and nucleic acid synthesis and stabil-
ity [5,6]. This fundamental ion also plays an essential role in the active transport of other
ions across cell membranes, therefore modulating neuron excitability, muscle contraction,
and normal heart rhythm [7]. In the serum, Mg exists in three forms: a protein-bound
fraction (25% bound to albumin and 8% bound to globulins), a chelated fraction (12%),
and the metabolically active ionized fraction (55%) [5,6].
For all these reasons, Mg is a critical factor for normal cellular and body homeostasis,
including the processes involving the immune system. In particular, Mg has a strong
relationship with both innate and acquired immune responses, playing a key role in the
signaling pathways that regulate the development, homeostasis, and activation of immune
cells [8]. Mg deficiency, frequent in old age, can cause inflammation by diverse mechanisms,
including activation of phagocytic cells, opening of calcium channels, activation of the N-
methyl-d-aspartate (NMDA) receptor and of nuclear factor kappa-light-chain-enhancer of
activated B cells (NF-κB) [9], while it can also increase oxidative stress [10,11]. The discovery
of a genetic disease, X-linked immunodeficiency with magnesium defect (XMEN), that
can lead to severe and chronic Epstein–Barr virus infections and neoplasia confirmed the
important role of Mg as a second messenger in immunity [12–14].
Over the past decades, the clinical relevance and biological significance of Mg have
been documented, as well as the impact of Mg on molecular and physiological processes of
aging, especially those regarding the immune system and infectious diseases [11,15]. Older
adults, together with the frequent magnesium deficiency due to a variety of reasons [15],
undergo modifications of the immune response that can make them particularly susceptible
to infections and their complications [3].
In this review, we will discuss the importance of Mg for the immune system and for
infectious diseases, including the recent pandemic of COVID-19, with particular focus on
older populations.
2. Mg and the Immune Responses
Previous and also subsequent studies have shown that Mg plays a role in the immune
response as a cofactor for immunoglobulin (Ig) synthesis, C3 convertase, immune cell
adherence, antibody-dependent cytolysis, IgM lymphocyte binding, macrophage response
to lymphokines, and T helper–B cell adherence [8,16]. Mg reduces the expression and
release of substance P and other proinflammatory molecules by controlling NF-κB activity
under physiological Mg conditions and leads to increased NF-κB activation and cytokine
production when in suboptimal concentrations [17]. Mg also affects acquired immunity by
regulating the proliferation and development of lymphocytes [18]. Most of these studies
have been carried out on experimental animals fed Mg-deficient diets. These animals
also exhibited altered polymorphonuclear cell number and function together with an
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increased number of neutrophils, which was related to increased phagocytosis [19]. Mg
deficiency also alters mast cell proliferation and function (histamine storing and secretion)
and might be involved in mast cell-dependent hepatic fibrosis and steatosis [20,21]. This
cation participates in human cell apoptosis, because Fas-induced B cell apoptosis is a
Mg-dependent process. Elevation of intracellular free Mg concentrations are needed for
Fas molecule binding expression on the B cell surface to trigger signaling pathways that
cause apoptosis and cellular death [22]. Other studies confirm the importance of Mg in
immunoinflammatory processes with the evidence that Mg-deficient experimental animals
exhibit increased inflammation, exacerbated immune stress responses, and decreased
specific immune responses [23–26].
A remarkable effect observed in Mg-deficient animals is the accelerated thymus
involution even at early stages of Mg deficiency. Malpuech–Brugere et al. showed a higher
level of apoptosis in thymuses from Mg-deficient rats compared to the control normally
Mg-fed group starting from the second day of deficiency and accompanied by the presence
of inflammatory cells. Later on, after eight days, they observed an increased proportion of
epithelial reticular cells in the cortex, indicative of a remodeling process [27]. Altogether,
these findings suggest that Mg deficiency can be associated with a significant impaired
function in T cells.
The regulation of cytosolic free Mg in the immune cells involves Mg transporters,
channels, and exchangers, such as the Mg/Na exchanger and the melastatin-like tran-
sient receptor potential 7 (TRPM7) channel [28]. TRPM7 is a non-selective Mg channel
(also conducts Ca, Zn, and Na) that is expressed ubiquitously [28–32]. TRPM7 has a
serine/threonine kinase domain, whose activity can modulate the gating of TRPM7 [33].
TRPM7 is fundamental for Mg homeostasis in immune cells. This is illustrated by the
fall in cytosolic free Mg and cell cycle arrest in TRPM7-deficient B cell lines, which was
partially rescued by culturing the cells in a high Mg-containing medium and by the im-
paired development of T cells in TRPM7 conditional knockout mice [33]. In a mouse
model with a specific T cell deletion of TRPM7, T lymphocyte development was blocked
at the CD4CD8 stage, resulting in decreased CD4 and CD4CD8 cells in the thymus [34].
In addition, TRPM7-deficient T cells seemed to be protected from Fas receptor-induced
apoptosis [35]. Other regulators of free Mg homeostasis in immune cells include members
of the solute carrier (SLC) family SLC41A1 and SLC41A2, which are homologous to the
bacterial Mg transporter and expressed quite ubiquitously [29,31]. The role of SLC41A1/2
in Mg homeostasis in immune cells has been confirmed by their ectopic expression in a B
cell line deficient in TRPM7, which was able to restore the reduced intracellular Mg con-
centrations and defective proliferation [36,37]. The third type of Mg transporter, MAGT1,
is crucial in immune signaling [38,39]. With respect to the other transporters, MAGT1 is
expressed at higher levels in immune and epithelial cells [40,41]. The functional importance
of Mg transport in immunity was unknown until the description of a new primary immun-
odeficiency named XMEN (X-linked immunodeficiency with Mg defect, Epstein–Barr virus
infection, and neoplasia) due to a genetic deficiency of MAGT1 [12–14] suggesting that Mg
could function as a second messenger in cellular signaling. Patients with XMEN Patients
with chronic Epstein–Barr virus infections, low CD4+ T cell counts, and defective T lym-
phocyte activation. These effects are hypothesized to result from a loss of phospholipase C
(PLC)-g1 activation due to reduced Mg influx via MAGT1. Indeed, XMEN patients display
impaired PLC signaling with reduced Ca/Mgresponses after T cell receptor stimulation
and abolished expression of the natural killer activating receptor NKG2D in natural killer
and CD8T cells [12–14]. The MAGT1-dependent Mg flux is essential for the optimal activa-
tion of PLC-g1, inositol triphosphate (IP3) generation, protein kinase Cu phosphorylation,
and calcium mobilization via store-operated calcium entry [12]. MAGT1 deficiency also
leads to decreased cytosolic free Mg and decreased Mg uptake in T cells and B cells [12,13].
Furthermore, it was shown that in some patients, oral Mg supplementation restored the
concentration of intracellular free Mg in XMEN patients [13]. After the discovery of the
XMEN disease [12–14], new variants of the XMEN disease have been described [42], as well
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as new mechanisms explaining the immunodeficiency, such as the glycosylation defects of
a specific subset of N-glycoproteins and reduced killing function of cytotoxic immune cells
in cells from XMEN patients [43,44].
In patients with asthma, Mg administration has been shown to promote bronchodi-
lation and improve lung function [45–47]. In addition to its bronchodilating effects, one
study showed that Mg supplementation was able to modulate the immune responses of
acute asthmatic CD4+ T cells and decrease the secretion of type 2 CD4+ T lymphocyte
cytokines [48].
3. Magnesium, Inflammation, and Oxidative Stress
3.1. Inflammation
Poor Mg diets are associated with a low-grade chronic inflammatory state, a condition
associated with several chronic diseases in older people [49]. The Mg-associated low-grade
chronic inflammation might be explained in in vitro studies by initiating excessive produc-
tion and release of interleukin (IL)-1β and tumor necrosis factor (TNF)-α and by activating
phagocytic cells, opening calcium channels, activating the NMDA receptor, and NF-κB
signaling, as well as by stimulating the synthesis of nitric oxide and inflammatory mark-
ers [9,50]. Mg deficit also increases platelet aggregation and adhesiveness and inhibits
growth and migration of endothelial cells, potentially altering microvascular functions [9].
Moreover, some evidence has shown that Mg concentration in acutely inflamed tissues is
reduced through the activation of the IL-33/ST2 axis, further indicating the importance of
Mg in inflammatory pathways [51].
In animal models, it was reported that Mg deprivation may cause several conse-
quences that finally lead to increased inflammatory parameters and in particular to (i)
marked elevation of proinflammatory molecules TNF-α, IL-1-β, IL-6, vascular cell ad-
hesion molecules, and plasminogen activator inhibitor-1 [24]; (ii) increased number of
circulating inflammatory cells [16]; and (iii) increased hepatic production and release of
acute phase proteins (i.e., complement, α2-macroblobulin, fibrinogen) [9,19]. Endothelial
dysfunction associated with low magnesium exposure has also been linked to the release of
inflammatory mediators [52]. Conversely, magnesium sulfate supplementation was shown
to mediate anti-inflammatory effects in stimulated murine macrophages via attenuation
of endotoxin-induced upregulation of inflammatory mediators and NF-κB, as well as by
activation of phosphoinositide 3-kinase and inhibition of L-type ion channels [53]. The cal-
cium channel-blocking effects of Mg lead to the downstream suppression of NF-κB, IL-6,
and CRP [54].
In human beings, it has been reported that low serum Mg concentrations as well as
inadequate dietary Mg intake are associated with low-grade systemic inflammation [55–
57]. Other studies have confirmed an inverse relationship between Mg intake, serum Mg,
and inflammation markers [58–60]. Probably one of the most important contributions was
made by the Women’s Health Study, in which Mg intake was found to be inversely related
to systemic inflammation, as measured by serum CRP concentrations, partly justifying a
higher prevalence of metabolic syndrome in those with lower Mg intake [58]. Similar re-
sults were evident using the 1999–2002 National Health and Nutrition Examination Survey
(NHANES) databases [55]. Of interest, in the study by King et al. conducted in 70% of the
NHANES population not taking supplements, Mg intake below the recommended daily
allowance (RDA) was significantly associated with elevated CRP [55]. Recently, a study per-
formed in a large Finish population confirmed once more the inverse relationship between
low dietary magnesium intake and serum hs-CRP concentrations [60]. A meta-analysis of
eight randomized controlled trials (RCTs) evaluating the impact of Mg supplementation
on CRP found a significant reduction in serum CRP concentrations following Mg supple-
mentation, which was independent of the dosage of Mg supplementation or the duration
of follow-up. [61]. Nevertheless, these results in small RCTs should be confirmed by larger
and longer future investigations.
Nutrients 2021, 13, 180 5 of 23
3.2. Oxidative Stress
Mg deficiency has been associated with increased oxidative stress and decreased
antioxidant defense barriers. Previous in vitro studies have shown that Mg deficiency
results in an increased production of oxygen-derived free radicals in various tissues [9,
10], increased free radical-elicited oxidative tissue damage [10], increased production of
superoxide anion by inflammatory cells [62], decreased antioxidant enzyme expression and
activity [63], decreased cellular and tissue antioxidant concentrations [63], and increased
oxygen peroxide production [64].
In animal models, Mg deficiency has been shown to increase lipid peroxidation and
malondialdehyde and to decrease hepatic glutathione, superoxide dismutase, and vitamin
E [65]; therefore, increasing oxidative stress concentrations. In this regard, our group
has suggested an association between the action of Mg deficit in altering the antioxidant
capacity and in activating oxidative stress, inflammation, and lipid oxidation that justify
a high presence of metabolic conditions in people with low Mg intake or low serum Mg
concentrations [7]. Mg itself seems to have antioxidant properties scavenging oxygen
radicals, possibly by affecting the rate of spontaneous dismutation of the superoxide
ion [64].
It has been shown that low serum Mg concentrations can stimulate Mg transporters
such as TRPM7 and SLC41A [66], provoking the outflow of Mg from cells in order to
increase serum Mg concentrations. As a consequence, intracellular Mg concentrations may
decrease leading to modifications in cellular signaling functions depending on Mg and
ATP. The reduction of intracellular Mg may elicit Mg stores in the mitochondria to release
Mg [67] through SLC41A3 [68]. This drop in mitochondrial Mg content may further alter
Mg- and ATP-linked mitochondrial signaling and functions, which may help explain the
mitochondrial overproduction of free radicals, also called reactive oxygen species (ROS),
and the reduction in ATP observed in Mg-deficient animal models [69,70].
Recently, it was shown that diabetic mice with Mg deficiency had increased mitochon-
drial oxidative stress, which contributed to cardiac diastolic dysfunction reversed after
Mg supplementation [69]. This confirms that Mg can act as a mitochondrial antioxidant.
According to a number of experimental studies, Mg deficiency disrupts mitochondrial func-
tion by diverse mechanisms, including alterations in coupled respiration [71–73], increased
mitochondrial ROS production [9,10,69,70,74], suppression of the antioxidant defense sys-
tem (e.g., superoxide dismutase, glutathione, catalase, vitamin E) [63–65,75–77], induction
of calcium overload via the mitochondrial calcium uniporter [69,78,79], attenuation of
pro-survival signaling [80–82], as well as by promoting the opening of the mitochondrial
ATP-sensitive potassium channel [83], the inner membrane anion channel [84], and the
mitochondrial permeability transition pore [85]. All these actions lead to the depolarization
of the mitochondrial membrane potential [78]. Contrariwise, there are studies showing
that Mg repletion improves mitochondrial function by diverse mechanisms, including the
suppression of mitochondrial ROS overproduction [69,70], inhibition of the mitochondrial
permeability transition pore opening and cytochrome C release [86–88], preservation of
the mitochondrial membrane potential [89,90], reduction of the mitochondrial calcium
accumulation [91–93], increase in protein expression of the anti-apoptotic B cell lymphoma
2 (Bcl-2) family and concurrent decrease of pro-apoptotic protein expression (such as
of the Bcl-2-associated X protein) [80,90], decreasing apoptosis by quenching the activa-
tion of hypoxia-inducible factor 1-alpha and p38 mitogen-activated protein kinase/c-Jun
N-terminal kinase (p38/JNK) signaling [90], and downregulating autophagy [93].
As mentioned, aging is characterized by a chronic low-grade inflammatory state that
involves several tissues and organs frequently associated with multiple chronic diseases,
and that has been named “inflammaging” [49]. Franceschi et al. [94] propose that the major
source of inflammatory stimuli and oxidative stress is represented by endogenous/self,
misplaced, or altered molecules resulting from damaged and/or dead cells and organelles
(cell debris) recognized by receptors of the innate immune system, which are increased in
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old age due to a progressive decline in their disposal by the proteasome via autophagy
and/or mitophagy.
Given all the abovementioned background, we proposed that the Mg deficiency,
through its role in facilitating an impairment of the redox status and low-grade inflamma-
tion, might be considered a link to several age-related diseases and/or accelerated aging
including a major predisposition to infectious diseases [11,15].
4. Mg and Vitamin D in Infectious Diseases
The study of vitamin/hormone D has undergone an enormous boost in the past
decade, while its role as a hormone has been confirmed in various enzymatic, metabolic,
physiological, and pathophysiological processes related to many organs and systems of
the human body [95]. This growing interest is mostly due to the evidence that modest to
severe vitamin D deficiency is widely prevalent around the world [96]. There is extensive
agreement that an optimal vitamin D status is necessary not only for bone and muscle, but
also for general health due to its association with multiple disorders including infectious
diseases, primarily respiratory infections [95–97]. There is convincing evidence that vitamin
D is an immunomodulatory hormone with significant biologic effects on the innate and
adaptive immune systems [97].
4.1. Interaction between Mg and Vitamin D
The overall metabolism and effects of vitamin D in numerous organs are well known [96].
Several steps in the metabolism of vitamin D, such as the binding of vitamin D and 25-
hydroxyvitamin D —25(OH)D or calcifediol— to their transport protein and the conversion
of vitamin D into the active hormonal form 1,25-dihydroxyvitamin D (calcitriol) by hepatic
and renal hydroxylation, depend on Mg as a cofactor [98–102]; therefore, in the presence
of Mg deficit, these actions would be blunted (Figure 1). Magnesium also plays a critical
role in the synthesis and metabolism of parathyroid hormone (PTH), hence Mg deficiency
inhibits PTH secretion or synthesis [103–106]. Mg-depleted patients with hypocalcemia de-
spite high PTH levels suggest bone and kidney resistance to PTH [107]. Mg deficit-related
hypocalcemia secondary to peripheral PTH resistance or decreased PTH secretion is further
complicated by the loss of PTH stimulation of renal 1-alpha-hydroxylation with worsening
vitamin D deficit [98]. Mg deficiency leading to reduced calcitriol and impaired PTH
response [98] has been implicated in “Mg-dependent vitamin D-resistant rickets” [99,108].
Two studies in patients with Mg deficiency [98,109] showed that Mg infusion alone resulted
in a non-significant increase in calcitriol and in 25(OH)D [98], while Mg infusion added to
oral vitamin D markedly increased both serum calcitriol and 25(OH)D [109], confirming the
interaction between Mg and vitamin D. These findings should be tested in larger clinical
trials. Of note, vitamin D, in turn, plays a key role in the metabolism of Mg both by stimulat-
ing intestinal Mg absorption and by preventing renal Mg excretion [110]. Thus, it appears
that the deficit of each of these compounds, Mg and vitamin D, feeds the deficit of the other,
which may lead to a perverse cycle with further worsening of both deficits. The combined
effects of Mg and vitamin D deficiency may lead to clinically relevant outcomes, such as a
higher risk of fragility fractures, particularly in women [111]. It is plausible that similar
harmful effects of this detrimental combination could be observed in other major clinical
outcomes, such as infections.
Nutrients 2021, 13, 180 7 of 23
Figure 1. Mg and vitamin D metabolism. Vitamin D3 is produced in the skin through the action of
UVB radiation reaching 7-dehydrocholesterol in the skin, followed by a thermal reaction. That vitamin
D3 or oral vitamin D (D2 (ergocholecalciferol) or D3 (cholecalciferol) are converted to 25(OH)D in the
liver and then to the active hormonal metabolite 1,25(OH)2D (calcitriol) in the kidneys or other organs
as needed. As shown in the graph, Mg is a cofactor that is required for the binding of vitamin D to its
transport protein, for the conversion of vitamin D by hepatic 25-hydroxlation, for the transport of
25(OH)D, and for renal 1α-hydroxylation into the active hormonal form. Therefore, all these steps
are Mg-dependent. DBP: vitamin D-binding protein.
A study by Deng et al. [112] investigated potential interactions between Mg intake,
vitamin D status, and mortality. They analyzed data from NHANES 2001 to 2006 and
NHANES III reporting that 12% of participants had a severe 25(OH)D deficit (<12 ng/mL)
and 30% had an insufficient level of vitamin D (12 to 20 ng/mL). High total Mg intake
(dietary or supplemental) was independently associated with reduced risk of vitamin D
deficit or insufficiency. They also found an inverse association of serum 25(OH)D with
mortality (particularly due to cardiovascular disease and colorectal cancer) that was mod-
ified by high Mg intake (i.e., the inverse association was primarily present among those
with Mg intake above the median). Thus, Mg intake alone or its interaction with vitamin D
intake may contribute to vitamin D status and the association of 25(OH)D with mortality
risk may be modified by the level of Mg intake. A recent nested RCT within the Person-
alized Prevention of Colorectal Cancer Trial tested whether Mg supplementation affects
vitamin D metabolism, evaluating 180 participants in a double-blind 2 × 2 factorial RCT
and measuring plasma vitamin D metabolites by liquid chromatography–mass spectrom-
etry. The analyses showed that an optimal Mg status was related to improvement of the
25(OH)D status [113].
4.2. Vitamin D and Infections
In addition to its musculoskeletal actions, vitamin D seems to have an important
role in infectious diseases. One of the first evidences regards the impact of vitamin D
on Mycobacterium tuberculosis infection. In this specific condition, the crucial role played
by vitamin D in the immune response consists in promoting phagolysosome formation,
as well as the production of the human antimicrobial peptides cathelicidin LL-37 and
defensins [114,115]. The effects of vitamin D supplementation and tuberculosis have been
subsequently extensively studied [116]. Furthermore, it was reported that vitamin D
concentrations are associated with other infectious diseases, including acquired immune-
deficiency syndrome, and respiratory diseases, particularly pneumonia [117], even if
measurement of serum vitamin D concentrations may be profoundly perturbed [118].
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In fact, it is still debated whether low vitamin D levels are a cause or a consequence of
disease. However, it could be considered that during the course of a severe infection,
the increase in energy consumption and in the demand for ATP and Mg closely related to
it may decrease the efficacy of the immunomodulatory actions of vitamin D. As discussed
above, low Mg can further decrease the activation of vitamin D, initiating a vicious cycle
that may lead to even worse deficiencies, which are difficult to correct if they are not taken
into account and detected early.
As mentioned, compelling evidence shows that vitamin D is an immunomodulatory
hormone [97], while vitamin D deficit has been linked to various infective diseases, in-
cluding upper respiratory and enteric infections, pneumonia, otitis media, Clostridium
infections, vaginosis, urinary tract infections, sepsis, influenza, dengue, hepatitis B, hep-
atitis C, and HIV infections [119,120]. The protective properties that vitamin D exerts
during infections have been attributed to upregulation of the expression of cathelicidin
and beta-defensin 2 in phagocytes and epithelial cells [119]. Particular attention has been
given to respiratory infections and the mechanisms of the protection given by vitamin D.
This includes the maintenance of tight junctions, gap junctions, and adherens junctions,
as well as induction of antiviral cytokines to interfere with the viral replicative cycle, in
addition to the mentioned effects on cellular innate immunity partly through the induction
of antimicrobial peptides, i.e., human cathelicidin LL-37 and defensins [120,121].
We cited the frequent association of low vitamin D status with a number of chronic
diseases [95–97]. Intervention trials have rarely shown benefits of vitamin D supplemen-
tation as treatments or preventive measures, except for mortality in older adults [122].
Nevertheless, another important exception to the general trend is for upper respiratory
tract infections: a recent meta-analysis involving 25 RCTs and data from 10,933 participants
aged 0 to 95 years showed that vitamin D supplementation reduced the risk of acute
respiratory tract infection among all participants. In subgroup analyses, the protective
effects were better for those receiving daily or weekly doses compared to those receiving
boluses and stronger for those with baseline 25(OH)D below 25 nmol/L (10 ng/mL), in
whom there was a remarkable 70% lower incidence of acute respiratory infections [123].
4.3. Mg and Infectious Diseases
The close relationship of Mg and vitamin D and the necessity of an optimal Mg status
for the synthesis, transport, and activation of vitamin D discussed in the previous sub-
section suggest that the higher incidence of infectious diseases associated with vitamin
D deficiency can be at least in part explained by a deficit of Mg. Even if most studies
regarding the direct association between poor Mg status and poor immune system function
are derived from animal models (see above section on “Mg and the Immune Responses”),
in human beings, Mg deficiency seems to be associated with a higher rate of infectious
diseases, particularly when considering older people. As mentioned, the functional impor-
tance of Mg transport in immunity was put in evidence with the discovery of the XMEN
disease that presents with defective T lymphocyte activation and chronic Epstein–Barr
virus infection due to a genetic deficiency of MAGT1 and showing for the first time that
Mg could function as a second messenger in cellular signaling [12–14]. Recent studies have
added new mechanisms explaining the immunodeficiency and the development of chronic
Epstein–Barr virus infection [43,44].
It has been suggested that Mg deficiency may play a role in liver diseases, especially
in their progression due to a disruption in mitochondrial function, defective protein C
translocation, inflammatory responses, oxidative stress, or metabolic disorders [124]. Mg
may play a vital role in inhibiting the progression of HBV infection to hepatocellular cancer
(HCC) [125]. Once HBV infection is established, the viral regulatory protein hepatitis B
virus X amplifies the transforming growth factor (TGF)-β signal, which functions as a
tumor promoter enhancing cancer metastasis and invasion by HCC. Mg administration
can increase the expression of protein phosphatase Mg-dependent 1A, blocking TGF-
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β signaling by dephosphorylating p-Smad2/3 and thus preventing the transcription of
specific genes needed for HCC growth [125].
A recent study showed that altered Mg status seems to have a prognostic role in
older people affected by bacterial pneumonia. Of interest, hypomagnesemia and hyper-
magnesemia were both associated with excessive short-term mortality, 18.4% and 50%,
respectively, compared to normal values of serum Mg [126]. Moreover, low serum Mg
status was a significant predictor of frequent readmissions for acute exacerbation of chronic
obstructive pulmonary disease (COPD) in a retrospective study of older adults [127].
5. Infectious Diseases in Old Age
Infections are a common cause of increased morbidity and mortality in older adults
due to the various physiological modifications and progressive deterioration of homeostatic
mechanisms, which lead to organ alterations, functional decline, multimorbidity, frailty,
disability, and associated medical interventions [128], as well as to alterations in the immune
response with aging [129]. Infectious diseases in older adults are usually more injurious
than in younger populations and frequently generate a series of complications that result
in substantial human and financial burden [3]. This is particularly true for residents in long
term care facilities [130].
Data from the first-listed infectious disease (ID) hospitalizations in the USA using
the Nationwide Inpatient Sample for 1998–2006 indicated that the mortality caused by
acute infections was more than fifty-fold higher in persons aged over 65 years compared
to that of persons aged 30–50 years [131]; older adults have a four times higher risk of
being admitted to hospital for an acute infection compared to the general population [132].
In fact, infections are a frequent cause of hospitalization in older adults and hospitalization
itself may lead to life-threatening nosocomial infections often caused by invasive diagnostic
procedures and inappropriate use of urinary and venous catheters [133]. Older adults
who survive a serious infection may afterwards have a functional deterioration that later
leads to loss of self-sufficiency [134,135]. For example, pneumonia carries elevated long-
term morbidity and mortality after hospitalization; over 70% of the surviving patients
were reported to be readmitted to hospital at least once within the next 3 years of being
hospitalized for pneumonia [136].
In the past century, there was a conspicuous decreasing trend of infectious diseases in
developed countries, such as the USA, where infectious diseases went from 797:100,000
population in 1900 to 97:100,000 population in 1996 [131,137]. Conversely, taking into
account only older adults, the hospital admission rate for infectious diseases increased by
13% from 1990 to 2002 [137].
The modifications in the immune system during aging, described with the term “im-
munosenescence” (Table 1), alter the organism’s capacity to overcome external noxae. All
older adults exhibit the features of immunosenescence with variable severity; neverthe-
less, the degree of frailty is associated with the degree of immunocompetence [138]. As
people grow old, the immune system loses the normal ability to fight infections, there is an
increased susceptibility to get infections, to develop neoplasms and autoimmunity, and a
reduced ability to heal skin lesions [129,139]. In general, older adults have a mild degree of
immunosuppression consequent to immunosenescence in addition to the age-associated
organ decline, multimorbidity, malnutrition, frailty, functional failure, geriatric syndromes,
and polypharmacotherapy. All these factors together worsen the prognosis of older adults
with infections [128,138].
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Table 1. Immunosenescence: modifications of the immune response with aging.
Decreased Increased
Innate immune system
• Anatomical and biochemical barriers:
- Regeneration, sweat production, and barrier function of the
skin and mucus
• Hematopoietic tissue:
- Total number of HSCs and hematopoietic tissue in the bone
marrow, proliferative capacity of HSCs
• Macrophages:
- Bone marrow precursors, phagocytic capacity, and oxidative
killing activity of macrophages
• Neutrophils:
- Chemotactic responses, migration capacity, phagocytic
capacity, and superoxide generation
• NK cells:
- CD56bright NK cell number
• NK cells:
- CD56dim
- NK cell number
Adaptive immune system
T cells
• Thymus gland involution
• Number of thymic precursors
• Number of naïve
• T cellsT cell repertoire
• Functional activity of regulatory T cells (Treg)
• Number of CD4+ T cells
• Number of CD28+ T cells
• Number of CD8+ T cells
B cells
• B cell precursors in the bone marrow
• Number of B cells
• Plasma cell differentiation
• Specific antibody production
• B cell response to antigen exposure
• Diversity of the B cell repertoire
• Opsonizing capacity of immunglobulins
• Autoreactive serum antibodies
HSCs: hematopoietic stem cells; NK: natural killer; CD: cluster of differentiation; CD4+: T helper cell; CD8+: cytotoxic T cell.
Functional decline and deterioration of the immune system competence are linked
to disease burden rather than chronological age. Older adults with chronic diseases (e.g.,
COPD, heart failure, diabetes) are more susceptible to common infections and exhibit
reduced responses to vaccines when compared to those without comorbidity [140]. Thus,
not all older adults exhibit hyporesponsiveness towards vaccination and some are able
to maintain a fully functional immune system during old age. However, due to the
deterioration of the immune response, any infection may be associated with a high risk
of complications or mortality in frail older adults. For example, an influenza infection
may be benign and self-limiting, but it can as well lead to complications and death or
require hospital admission in a more vulnerable older patient. In the current COVID-19
pandemic, older adults and patients with pre-existing comorbidities (i.e., cardio- and
cerebrovascular disease, diabetes, COPD, malignancy, chronic kidney disease, dementia)
are those bearing the highest fatality rate of the disease, which is affecting the frailest
groups of the population [141,142].
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6. Magnesium and COVID-19 Pandemic
The outbreak of COVID-19 caused by severe acute respiratory syndrome coronavirus
2 (SARS-CoV2), a variant of coronavirus thought to originate in the Wuhan province
in China [143], was declared a pandemic by the World Health Organization (WHO) in
March 2020. According to the WHO, the confirmed cases reported worldwide at the time
this review was written (14 December 2020) are over 70 million with 1,605,091 related
deaths [144].
A portion of these patients develop interstitial pneumonia, which can evolve into
acute respiratory distress syndrome (ARDS), requiring active hyperoxic ventilation with
possible fatal outcomes [145]. COVID-19 not only affects lungs, but the virus can extend and
impact profoundly many other organs and systems, including the cardiovascular system,
the kidneys, the intestines, the liver, and the brain; hence, now it is considered a systemic
disease. COVID-19 is characterized by a heterogeneous clinical presentation ranging from
mild influenza-like symptoms to life-threatening pneumonia, cytokine storm, and multiple
organ failure. Older adults are more susceptible to severe illness, to be admitted to the
ICU, and to die from this disease [146,147]. This trend has been persistently present
since the onset of the disease, and it is particularly high for older adults living in long-
term care homes [148] due to their advanced age, poor health, multiple chronic diseases,
living environment, immunosenescence, and exposure to potentially asymptomatic care
providers. So far, there is no effective therapy available against COVID-19; therefore,
supportive care is used currently as the mainstay of management of patient with the
disease [149]. Although the mechanisms of respiratory involvement and multiple organ
failure in COVID-19 are not completely clear and under investigation, cytokine storm
seems to significantly contribute to the pathogenesis of the most severe manifestation of
the disease [145].
Nutritional issues seem to be important in COVID-19 pathogenesis and prognosis.
For example, obesity, a condition associated with low Mg intake [150,151], seems to be a
negative factor for increasing mortality and hospitalizations in people affected by COVID-
19 [152,153]. Moreover, as mentioned before and shown in Figure 1, Mg is a cofactor
necessary for vitamin D biosynthesis, transport, and activation, while both Mg and vitamin
D deficiencies have been associated with several chronic diseases. Both Mg and vitamin D
deficiencies seem to be important in the pathogenesis of COVID-19 as reported by some
investigations [121,154–159]. COVID-19 is associated with relevant lung [160] and cardiac
impairment [161]. Again, the literature suggests that Mg plays an important role in lung and
heart function [11,15,45–47,162]. In addition to obesity, other coexisting conditions such as
hypertension [163], diabetes [164], and primarily old age [165] are associated with increased
severity of COVID-19, plausibly because of an underlying chronic inflammatory state or
a lower threshold for the development of organ dysfunction from the immune response.
All these conditions, including old age and a chronic inflammatory state discussed above,
have been associated with a low Mg status [7,11,15,166].
Patients with severe manifestations of COVID-19 may need hospitalization in inten-
sive care units (ICU). Interestingly, up to 60% of critically ill patients in ICU have been
reported to present some degree of Mg deficiency [167–169], predisposing these patients
to serious, even life-threatening effects, also because of the consequent hypokalemia and
hypocalcemia. Unfortunately, so far, no direct data regarding the importance of Mg in
COVID-19 is available, probably because Mg is not measured routinely in major databases
and studies [154]. In addition, serum concentrations representing only 1% of total body
Mg do not accurately reflect intracellular concentrations and, finally, total body status [15].
In a thoughtful review, Wallace reported that constant monitoring of ionized Mg status
with repletion, when appropriate, might be an effective strategy to influence disease con-
traction and progression [155]. In this regard, the literature supports several aspects of
Mg as an anti-COVID-19 nutrient, including its “calcium channel-blocking” effects that
lead to downstream suppression of NF-κB, IL-6, CRP [54], and other related endocrine
disrupters; its role in regulating renal potassium loss; and its ability to activate and enhance
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the functionality of vitamin D [158], among others [155]. In a cohort observational study
by Tan et al., among 43 consecutive hospitalized patients with COVID-19 aged ≥ 50 years
and not requiring oxygen therapy at admission, 17 patients received a combined daily oral
supplementation with 1000 IU of vitamin D3, 150 mg of Mg, and 500 mcg of vitamin B12,
while 26 patients did not receive the supplementation. They found significant differences in
the clinical course with fewer treated patients than controls requiring oxygen therapy (17.6
vs. 61.5%) and/or intensive care support (6 vs. 32%) during hospitalization. This small but
significant study illustrates the importance of providing sufficient supplementation of these
nutrients in circumstances where the requirements are most likely higher while fighting
COVID-19 [156]. Other authors reviewing potential actions of Mg on SARS-Cov2 infection
point toward Mg as a possible supporting treatment of COVID-19 patients, especially
those critically ill and/or at highest risk of complications [154,157], including also pregnant
women [157].
The hypothesis that COVID-19 pneumonia may have a vascular basis is strong [170,
171]. Again, Mg has robust anti-thrombotic effects [52], while low Mg concentrations have
been associated with endothelial dysfunction [172,173]. A recent systematic review and
meta-analysis summarized the effects of oral Mg supplementation on vascular function in
RCTs. Even if few studies were available and heterogeneity was high among the studies,
in subgroup analyses, oral Mg significantly improved flow-mediated dilation in studies
longer than 6 months, including unhealthy persons, persons older than 50 years, or with
the BMI higher than 25 kg/m2 [174]. Therefore, it is possible that a chronic Mg deficiency,
very frequently seen in old age [15], might create a favorable microenvironment for the
virus to promote thromboembolism [154], the main feature of COVID-19.
Because no vaccinations (or definitive therapies) are available against COVID-19, we
encourage specific research regarding the role of Mg in this infection, since the role of
Mg in inflammation, oxidative stress, endothelial dysfunction, and immune response in
infectious diseases, particularly in viral infections, is largely supported by preclinical and
clinical evidence.
We discuss below some salient points intensely studied in COVID-19, which have
been shown to be related to Mg in previous investigations. Below we discuss some salient
points and those most studied with respect to Covid-19 and which have also been shown
to be related to Mg.
They are plausible mechanisms that support the indication of maintaining an optimal
Mg status to combat the severity and complications of COVID-19.
6.1. Cytokine Storm in COVID-19
Even if there are still many unresolved questions regarding the pathogenesis and the
extreme variability in the clinical course of COVID-19, the available evidence indicate that
the so called “cytokine storm”, which refers to uncontrolled overproduction of soluble
markers of inflammation and which, in turn, maintains an aberrant systemic inflammatory
response, is a major contributor to the occurrence of ARDS [145].
It appears that the collateral damage caused by excessive production of inflammatory
mediators as the immune response attempts to clear the pathogen can be more injurious
than the pathogen itself. This exuberant inflammatory response may be initially appro-
priate to control the infection, but if uncontrolled and continuous, the secondary multiple
organ dysfunction can follow. The cascade of inflammatory mediators released during
cytokine storm includes many immunoactive molecules, such as interferons, interleukins,
chemokines, colony-stimulating factors, and TNF-α [175]. As we have discussed above,
there is extensive evidence in experimental animals and in observational studies in hu-
mans confirming that low Mg status is associated with a chronic inflammatory state with
increased levels of inflammation markers, particularly IL-6, TNF-α, and IL-33/ST2 axis
(see subsection “Magnesium, Inflammation, and Oxidative Stress”). Hence, the preceding
deficient Mg status associated with conditions that favor a detrimental course of COVID-19,
such as aging, hypertension, and diabetes [7,11,15,166] and the Mg deficiency frequently
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seen in critical patients [167–169] may exacerbate the inflammatory response induced by
SARS-CoV2, which in turn may determine increased Mg consumption resulting in further
decreased intracellular levels, maintaining and propagating the uncontrolled inflammatory
reaction, or cytokine storm.
Another well-known action of Mg relates to its calcium channel antagonist proper-
ties [176,177]. Indeed, Mg counteracts calcium as a physiological calcium blocker, similarly
to synthetic calcium antagonists [178]. Interestingly, the calcium channel-blocking effects
of Mg lead to the downstream suppression of NF- κB, IL-6, and CRP [54], which may limit
systemic inflammation (Figure 2).
Figure 2. Mg’s “calcium channel-blocking” effect, which can lead to the downstream suppression of NF-κB, IL-6 and may
limit systemic inflammation. NF-kB: nuclear factor 70 kappa-light-chain-enhancer of activated B cells; IL-6: interleukin 6;
CD4+: T helper cell; CD8+: cytotoxic T cell.
6.2. COVID-19 and Endothelial Dysfunction
Another pathophysiological mechanism that has been invoked and discussed exten-
sively in the medical literature to explain the protean manifestations of COVID-19 and
its multiorgan involvement is endothelial dysfunction [171]. The vascular endothelium is
crucial for the maintenance of homeostasis, controlling fibrinolysis, vasomotion, inflam-
mation, oxidative stress, vascular permeability, and structure. All these functions, acting
in a concerted manner, regulate many host defense mechanisms against external noxae,
but they can also contribute to disease at multiple levels when their usual homeostatic
functions overreach and turn against the host, as has been reported in COVID-19 [179].
SARS-CoV-2 infects the host through the angiotensin-converting enzyme (ACE2)
receptor, which is expressed in several organs, including the lung, heart, kidneys, and in-
testines. ACE2 receptors are also expressed by endothelial cells [179]. It is uncertain
whether vascular alterations in COVID-19 are due to endothelial cell involvement by the
virus. However, the endothelial cell involvement across vascular beds of different organs
has been reported in a series of patients with COVID-19 [180] and anticoagulant treatment
(i.e., heparin) is considered for the prevention of thromboembolic complications [181].
Mg is key for the preservation of endothelial function and vascular integrity. Low
concentrations of extracellular Mg reduce endothelial cell proliferation, stimulate monocyte
adhesion, and impairs vasoactive molecules, such as nitric oxide and prostacyclin [182].
Mg deficiency promotes platelet aggregation and the release of beta-thromboglobulin and
thromboxanes [183]. In humans, oral Mg supplementation is significantly associated with
improvement in the brachial artery’s endothelial function and exercise tolerance in patients
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with coronary artery disease [173] and in diabetic older adults [172]. A recent systematic
review and meta-analysis reported a significantly improved flow-mediated dilation in
studies with Mg supplementation for over 6 months of the follow-up, including unhealthy
persons, persons older than 50 years, or with BMI > 25 kg/m2 [174].
6.3. COVID-19 and Vitamin D
As mentioned, there is convincing evidence showing that vitamin D is an immunomod-
ulatory hormone and that its deficit has been linked to various infective diseases (see
subsection “Vitamin D and Infections”). In a recent review, Grant et al. argued that vitamin
D supports innate immunity, keeps the integrity of the tight junctions and the pulmonary
barrier, provides immunoregulatory activity, and modulates the renin–angiotensin system,
all factors of potential relevance for acute pneumonia and hyperinflammation observed in
patients with COVID-19 [121](Figures 3 and 4).
Figure 3. Active vitamin D (calcitriol or dihydroxycholecalciferol) helps maintain tight junctions, gap junctions, and adherens
junctions in order to prevent the spread of SARS-CoV2 and induces the proliferation of macrophages and the release of
cathelicidin and defensins, which are antimicrobial peptides active against a spectrum of microbes including viruses. Mg is
a cofactor that is necessary for the synthesis, transport, and activation of vitamin D. ACE2: angiotensin-converting enzyme
2 receptor; DPP-4/CD26: dipeptidyl peptidase-4 receptor.
It is proposed that vitamin D may affect the response to COVID-19 infection by
(i) supporting the production of antimicrobial peptides in the respiratory epithelium,
thus making virus infection and development of COVID-19 symptoms less likely and (ii)
helping to reduce the inflammatory response to SARS-CoV-2 infection. Deregulation of
this response is characteristic of COVID-19 and the degree of overactivation is associated
with poorer prognosis.
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Figure 4. Proposed mechanisms by which vitamin D and Mg can exert actions against COVID-19. ACE, angiotensin-
converting enzyme; ACE2: angiotensin-converting enzyme 2; Ang-(1-7), angiotensin (1-7); Ig, immunoglobulin; IFN-γ,
interferon gamma; IL, interleukin; NF-κB, nuclear factor kappa-light-chain-enhancer of activated B cells; TNF-a, tumor
necrosis factor alpha; Th, T helper cell; Treg, regulatory T cells.
The medical literature on the possible actions of vitamin D in COVID-19 has exploded
in recent months. Small observational studies and trials have shown encouraging results.
For example, a retrospective study in a single center showed that the deficit of vitamin
D was associated with increased COVID-19 risk [159], and a meta-analysis of 27 studies
found that severe cases of COVID-19 more frequently had vitamin D deficiency compared
with mild cases, while vitamin D insufficiency was associated with an increased possibility
of hospitalization and mortality [184]. Another retrospective observational trial in 186
cases of severe COVID-19 found that low 25(OH)D levels on admission were associated
with COVID-19 disease stage and mortality [185]. A study including 91 asymptomatic
participants and 63 severely ill patients with COVID-19 reported a vitamin D deficiency
of 33% and 97%, respectively. Serum inflammatory markers and fatality rate were higher
in those with vitamin D deficiency [186]. All these results are encouraging, but it is
essential to keep in mind that Mg is an indispensable cofactor for the synthesis, transport,
and activation of vitamin D (Figure 1). As mentioned above, the combination of oral
supplementation with Mg, vitamin D, and vitamin B12 in a sample of patients with COVID-
19 showed a reduction in the need for oxygen support, intensive care hospitalization, or
both [156]. Therefore, it would be advisable to correct not only vitamin D deficiency, but
also Mg deficiency.
7. Conclusions
In this review, we reported the potential role of Mg in infectious diseases, particu-
larly those affecting older people, a population frequently affected by deficiency of this
fundamental cation. The evidence regarding the importance of Mg in these kinds of dis-
eases is derived from animal models reporting that low-Mg diets were associated with an
unfavorable profile in the immune response, oxidative stress, and inflammatory markers.
These findings have been confirmed in humans by epidemiological observational studies.
The discovery of XMEN, an immunodeficiency characterized by chronic Epstein–Barr
virus infection, opened a particularly interesting field of research demonstrating for the
first time that a cation can be a second messenger in cellular signaling and revealed the
potential key role of Mg in viral infections. Mg is a cofactor for the synthesis, transport,
and activation of vitamin D, which has evidence of being an important immunomodulator
in several infectious diseases, including SARS-Cov2 infection responsible for the current
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COVID-19 pandemic. Other mechanisms described in COVID-19, such as the immune
hyperresponsiveness with excessive release of inflammatory mediators leading to the
cytokine storm, endothelial dysfunction, thrombotic complications, and preexisting predis-
posing conditions that worsen the prognosis of the COVID-19 clinical course, such as old
age, diabetes, and hypertension, have all been associated with Mg deficit. Although direct
data are not yet available, these concepts introduce the importance of Mg in COVID-19,
a recent pandemic that is particularly harmful in older people also at higher risk for Mg
deficiency and for which a definitive therapy or vaccination is still not available. It is
foreseeable that an optimal Mg status might also provide healthy persons and patients that
will be vaccinated against SARS-Cov2/COVID-19 with better tolerance due to the same
mechanisms proposed above for possible therapeutic and disease-modulating actions.
Figure 5 summarizes the mechanisms by which maintaining an optimal Mg status
may be of benefit in COVID-19.
Figure 5. Summary of Mg’s possible effects in COVID-19.
We all are struggling to decode a new and unknown hazard which has alarmed
everyone, from health providers to scientists, economists, sociologists, and rulers since
December 2019. Even if Mg is not curative, it is important to ensure the correction of its
deficit in order to eventually help reduce the severity of the clinical course of COVID-19.
Nevertheless, further research showing the potential association between poor Mg status
and COVID-19 prevalence and outcomes is consequently necessary.
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Stefanovic, S.; et al. Effects of IL-33/ST2 pathway in acute inflammation on tissue damage, antioxidative parameters, magnesium
concentration and cytokines profile. Exp. Mol. Pathol. 2016, 101, 31–37. [CrossRef]
52. Maier, J.A.; Malpuech-Brugere, C.; Zimowska, W.; Rayssiguier, Y.; Mazur, A. Low magnesium promotes endothelial cell
dysfunction: Implications for atherosclerosis, inflammation and thrombosis. Biochim. Biophys. Acta 2004, 1689, 13–21.
53. Su, N.-Y.; Peng, T.-C.; Tsai, P.-S.; Huang, C.-J. Phosphoinositide 3-kinase/Akt pathway is involved in mediating the anti-
inflammation effects of magnesium sulfate. J. Surg. Res. 2013, 185, 726–732. [CrossRef]
54. Lin, C.Y.; Tsai, P.-S.; Hung, Y.C.; Huang, C.-J. L-type calcium channels are involved in mediating the anti-inflammatory effects of
magnesium sulphate. Br. J. Anaesth. 2010, 104, 44–51. [CrossRef]
55. King, D.E.; Mainous, I.I.I.A.G.; Geesey, M.E.; Woolson, R.F. Dietary magnesium and C-reactive protein levels. J. Am. Coll. Nutr.
2005, 24, 166–171.
56. Guerrero-Romero, F.; Bermudez-Peña, C.; Rodríguez-Morán, M. Severe hypomagnesemia and low-grade inflammation in
metabolic syndrome. Magnes. Res. 2011, 24, 45–53. [CrossRef]
57. Song, Y.; Li, T.Y.; Van Dam, R.M.; E Manson, J.; Hu, F.B. Magnesium intake and plasma concentrations of markers of systemic
inflammation and endothelial dysfunction in women. Am. J. Clin. Nutr. 2007, 85, 1068–1074. [CrossRef]
Nutrients 2021, 13, 180 19 of 23
58. Song, Y.; Ridker, P.M.; Manson, J.E.; Cook, N.R.; Buring, J.E.; Liu, S.-M. Magnesium Intake, C-Reactive Protein, and the Prevalence
of Metabolic Syndrome in Middle-Aged and Older U.S. Women. Diabetes Care 2005, 28, 1438–1444. [CrossRef]
59. Mazidi, M.; Kengne, A.P.; Mikhailidis, D.P.; Cicero, A.F.; Banach, M. Effects of selected dietary constituents on high-sensitivity
C-reactive protein levels in U.S. adults. Ann. Med. 2017, 50, 1–6. [CrossRef]
60. Konstari, S.; Sares-Jäske, L.; Heliövaara, M.; Rissanen, H.; Knekt, P.; Arokoski, J.; Sundvall, J.; Karppinen, J. Dietary magnesium
intake, serum high sensitivity C-reactive protein and the risk of incident knee osteoarthritis leading to hospitalization—A cohort
study of 4,953 Finns. PLoS ONE 2019, 14, e0214064. [CrossRef]
61. Mazidi, M.; Rezaie, P.; Banach, M. Effect of magnesium supplements on serum C-reactive protein: A systematic review and
meta-analysis. Arch. Med. Sci. 2018, 14, 707–716. [CrossRef]
62. Bussière, F.I.; Mazur, A.; Fauquert, J.L.; Labbé, A.; Rayssiguier, Y.; Tridon, A. High magnesium concentration in vitro decreases
human leukocyte activation. Magnes. Res. 2002, 15, 43–48.
63. Kuzniar, A.; Mitura, P.; Kurys, P.; Szymonik-Lesiuk, S.; Florianczyk, B.; Stryjecka-Zimmer, M. The influence of hypomagnesemia
on erythrocyte antioxidant enzyme defence system in mice. BioMetals 2003, 16, 349–357. [CrossRef]
64. Weglicki, W.B.; Mak, I.T.; Kramer, J.H.; Dickens, B.F.; Cassidy, M.M.; Stafford, R.E.; Phillips, T.M. Role of free radicals and
substance P in magnesium deficiency. Cardiovasc. Res. 1996, 31, 677–682.
65. Calviello, G.; Ricci, P.; Lauro, L.; Palozza, P.; Cittadini, A. Mg deficiency induces mineral content changes and oxidative stress in
rats. Biochem. Mol. Boil. Int. 1994, 32, 903–911.
66. Kolisek, M.; Launay, P.; Beck, A.; Sponder, G.; Serafini, N.; Brenkus, M.; Froschauer-Neuhauser, E.; Martens, H.; Fleig, A.;
Schweigel, M. SLC41A1 Is a Novel Mammalian Mg2+Carrier. J. Biol. Chem. 2008, 283, 16235–16247. [CrossRef]
67. Yamanaka, R.; Tabata, S.; Shindo, Y.; Hotta, K.; Suzuki, K.; Soga, T.; Oka, K. Mitochondrial Mg2+ homeostasis decides cellular
energy metabolism and vulnerability to stress. Sci. Rep. 2016, 6. [CrossRef]
68. Mastrototaro, L.; Smorodchenko, A.; Aschenbach, J.R.; Kolisek, M.; Sponder, G. Solute carrier 41A3 encodes for a mitochondrial
Mg(2+) efflux system. Sci. Rep. 2016, 6, 27999.
69. Liu, M.; Jeong, E.-M.; Liu, H.; Xie, A.; So, E.Y.; Shi, G.; Jeong, G.E.; Zhou, A.; Dudley, S.C. Magnesium supplementation improves
diabetic mitochondrial and cardiac diastolic function. JCI Insight 2019, 4. [CrossRef]
70. Liu, M.; Liu, H.; Xie, A.; Kang, G.J.; Feng, F.; Zhou, X.; Zhao, Y.; Dudley, S.C. Magnesium deficiency causes reversible diastolic
and systolic cardiomyopathy. Biophys. J. 2020, 118, 245a.
71. Gout, E.; Rébeillé, F.; Douce, R.; Bligny, R. Interplay of Mg2+, ADP, and ATP in the cytosol and mitochondria: Unravelling the
role of Mg2+ in cell respiration. Proc. Natl. Acad. Sci. USA 2014, 111, E4560–E4567. [CrossRef]
72. Panov, A.; Scarpa, A. Mg2+Control of Respiration in Isolated Rat Liver Mitochondria†. Biochemistry 1996, 35, 12849–12856.
[CrossRef]
73. Rodríguez-Zavala, J.; Moreno-Sánchez, R.; Rodriguez-Zavala, J.S. Modulation of Oxidative Phosphorylation by Mg2+in Rat
Heart Mitochondria. J. Biol. Chem. 1998, 273, 7850–7855. [CrossRef]
74. Kramer, J.H.; Mišík, V.; Weglicki, W.B. Magnesium-deficiency potentiates free radical production associated with postischemic
injury to rat hearts: Vitamin E affords protection. Free Radic. Biol. Med. 1994, 16, 713–723. [CrossRef]
75. Morais, J.B.; Severo, J.S.; Santos, L.R.; de Sousa Melo, S.R.; de Oliveira Santos, R.; de Oliveira, A.R.S.; Cruz, K.J.C.; do Nascimento
Marreiro, D. Role of Magnesium in Oxidative Stress in Individuals with Obesity. Biol. Trace Elem. Res. 2017, 176, 20–26.
76. Shah, N.C.; Liu, J.-P.; Iqbal, J.; Hussain, M.; Jiang, X.-C.; Li, Z.; Li, Y.; Zheng, T.; Li, W.; Sica, A.C.; et al. Mg deficiency results in
modulation of serum lipids, glutathione, and NO synthase isozyme activation in cardiovascular tissues: Relevance to de novo
synthesis of ceramide, serum Mg2+ and atherogenesis. Int. J. Clin. Exp. Med. 2011, 4, 103–118.
77. Kumar, B.P.; Shivakumar, K. Depressed antioxidant defense in rat heart in experimental magnesium deficiency implications for
the pathogenesis of myocardial lesions. Biol. Trace Element Res. 1997, 60, 139–144. [CrossRef]
78. Racay, P. Effect of magnesium on calcium-induced depolarisation of mitochondrial transmembrane potential. Cell Biol. Int. 2008,
32, 136–145. [CrossRef]
79. Blomeyer, C.A.; Bazil, J.N.; Stowe, D.F.; Dash, R.K.; Camara, A.K. Mg2+ differentially regulates two modes of mitochondrial
Ca2+ uptake in isolated cardiac mitochondria: Implications for mitochondrial Ca2+ sequestration. J. Bioenerg. Biomembr. 2016, 48,
175–188. [CrossRef]
80. Chen, Y.; Wei, X.; Yan, P.; Han, Y.; Sun, S.; Wu, K.-C.; Fan, D. Human mitochondrial Mrs2 protein promotes multidrug resistance
in gastric cancer cells by regulating p27, cyclin D1 expression and cytochrome C release. Cancer Biol. Ther. 2009, 8, 607–614.
[CrossRef]
81. Salvi, M.; Bozac, A.; Toninello, A. Gliotoxin induces Mg2+ efflux from intact brain mitochondria. Neurochem. Int. 2004, 45,
759–764.
82. Sponder, G.; Abdulhanan, N.; Fröhlich, N.; Mastrototaro, L.; Aschenbach, J.R.; Röntgen, M.; Pilchova, I.; Cibulka, M.; Racay, P.;
Kolisek, M. Overexpression of Na+/Mg2+ exchanger SLC41A1 attenuates pro-survival signaling. Oncotarget 2017, 9, 5084–5104.
[CrossRef]
83. Bednarczyk, P.; Dołowy, K.; Szewczyk, A. Matrix Mg2+regulates mitochondrial ATP-dependent potassium channel from heart.
FEBS Lett. 2005, 579, 1625–1632. [CrossRef]
84. Beavis, A.D.; Powers, M.F. On the regulation of the mitochondrial inner membrane anion channel by magnesium and protons. J.
Biol. Chem. 1989, 264, 17148–17155.
Nutrients 2021, 13, 180 20 of 23
85. Zoratti, M.; Szabò, I. The mitochondrial permeability transition. Biochim. Biophys. Acta Rev. Biomembr. 1995, 1241, 139–176.
[CrossRef]
86. Gorgoglione, V.; Laraspata, D.; La Piana, G.; Marzulli, D.; Lofrumento, N.E. Protective effect of magnesium and potassium ions
on the permeability of the external mitochondrial membrane. Arch. Biochem. Biophys. 2007, 461, 13–23. [CrossRef]
87. La Piana, G.; Gorgoglione, V.; Laraspata, D.; Marzulli, D.; Lofrumento, N.E. Effect of magnesium ions on the activity of the
cytosolic NADH/cytochrome c electron transport system. FEBS J. 2008, 275, 6168–6179.
88. Seo, Y.-W.; Na Shin, J.; Ko, K.H.; Cha, J.H.; Park, J.Y.; Lee, B.R.; Yun, C.-W.; Kim, Y.M.; Seol, D.-W.; Kim, D.-W.; et al. The Molecular
Mechanism of Noxa-induced Mitochondrial Dysfunction in p53-Mediated Cell Death. J. Biol. Chem. 2003, 278, 48292–48299.
[CrossRef]
89. Sharikabad, M.N.; Ostbye, K.M.; Brors, O. Increased [Mg2+]o reduces Ca2+ influx and disruption of mitochondrial membrane
potential during reoxygenation. Am. J. Physiol. Heart Circ. Physiol. 2001, 281, H2113–H2123.
90. Huang, C.-Y.; Hsieh, Y.-L.; Ju, D.-T.; Lin, C.-C.; Kuo, C.-H.; Liou, Y.-F.; Ho, T.-J.; Tsai, C.-H.; Tsai, F.-J.; Lin, J.-Y. Attenuation of
Magnesium Sulfate on CoCl(2)-Induced Cell Death by Activating ERK1/2/MAPK and Inhibiting HIF-1alpha via Mitochondrial
Apoptotic Signaling Suppression in a Neuronal Cell Line. Chin. J. Physiol. 2015, 58, 244–253.
91. Ferrari, R.; Albertini, A.; Curello, S.; Ceconi, C.; Di Lisa, F.; Raddino, R.; Visioli, O. Myocardial recovery during post-ischaemic
reperfusion: Effects of nifedipine, calcium and magnesium. J. Mol. Cell. Cardiol. 1986, 18, 487–498. [CrossRef]
92. Boelens, A.D.; Pradhan, R.K.; Blomeyer, C.A.; Camara, A.K.S.; Dash, R.K.; Stowe, D.F. Extra-matrix Mg2+ limits Ca2+ uptake and
modulates Ca2+ uptake–independent respiration and redox state in cardiac isolated mitochondria. J. Bioenerg. Biomembr. 2013, 45,
203–218. [CrossRef]
93. Li, Y.; Wang, J.; Yue, J.; Wang, Y.; Yang, C.; Cui, Q. High magnesium prevents matrix vesicle-mediated mineralization in human
bone marrow-derived mesenchymal stem cells via mitochondrial pathway and autophagy. Cell Biol. Int. 2018, 42, 205–215.
[CrossRef]
94. Franceschi, C.; Garagnani, P.; Vitale, G.; Capri, M.; Salvioli, S. Inflammaging and ‘Garb-aging’. Trends Endocrinol. Metab. 2017, 28,
199–212.
95. Pike, J.W.; Christakos, S. Biology and Mechanisms of Action of the Vitamin D Hormone. Endocrinol. Metab. Clin. N. Am. 2017, 46,
815–843. [CrossRef]
96. Holick, M. Vitamin D Deficiency. New Engl. J. Med. 2007, 357, 266–281. [CrossRef]
97. Charoenngam, N.; Holick, M. Immunologic Effects of Vitamin D on Human Health and Disease. Nutrients 2020, 12, 2097.
[CrossRef]
98. Rude, R.K.; Adams, J.S.; Ryzen, E.; Endres, D.B.; Niimi, H.; Horst, R.L.; Haddad, J.G.; Singer, F.R. Low Serum Concentrations of
1,25-Dihydroxyvitamin D in Human Magnesium Deficiency. J. Clin. Endocrinol. Metab. 1985, 61, 933–940. [CrossRef]
99. Reddy, V.; Sivakumar, B. MAGNESIUM-DEPENDENT VITAMIN-D-RESISTANT RICKETS. Lancet 1974, 303, 963–965. [CrossRef]
100. Uwitonze, A.M.; Razzaque, M.S. Role of Magnesium in Vitamin D Activation and Function. J. Am. Osteopat. Assoc. 2018, 118,
181–189. [CrossRef]
101. Zittermann, A. Magnesium deficit—overlooked cause of low vitamin D status? BMC Med. 2013, 11. [CrossRef]
102. Risco, F.; Traba, M.L. Influence of magnesium on the in vitro synthesis of 24,25-dihydroxyvitamin D3 and 1 alpha, 25-
dihydroxyvitamin D3. Magnes. Res. 1992, 5, 5–14.
103. Anast, C.S.; Mohs, J.M.; Kaplan, S.L.; Burns, T.W. Evidence for Parathyroid Failure in Magnesium Deficiency. Science 1972, 177,
606–608. [CrossRef]
104. Medalle, R.; Waterhouse, C.; Hahn, T.J. Vitamin D resistance in magnesium deficiency. Am. J. Clin. Nutr. 1976, 29, 854–858.
[CrossRef]
105. Rude, R.K.; Oldham, S.B.; Sharp, C.F.; Singer, F.R. Parathyroid Hormone Secretion in Magnesium Deficiency*. J. Clin. Endocrinol.
Metab. 1978, 47, 800–806. [CrossRef]
106. Mutnuri, S.; Fernández, I.; Kochar, T. Suppression of Parathyroid Hormone in a Patient with Severe Magnesium Depletion. Case
Rep. Nephrol. 2016, 2016, 1–3. [CrossRef]
107. Rude, R.K.; Oldham, S.B.; Singer, F.R. FUNCTIONAL HYPOPARATHYROIDISM AND PARATHYROID HORMONE END-
ORGAN RESISTANCE IN HUMAN MAGNESIUM DEFICIENCY. Clin. Endocrinol. 1976, 5, 209–224. [CrossRef]
108. Rösler, A.; Rabinowitz, D. Magnesium-induced reversal of vitamin-D resistance in hypoparathyroidism. Lancet 1973, 1, 803–804.
109. Fuss, M.; Bergmann, P.; Bergans, A.; Bagon, J.; Cogan, E.; Pepersack, T.; Van Gossum, M.; Corvilain, J. CORRECTION OF
LOW CIRCULATING LEVELS OF 1,25-DIHYDROXYVITAMIN D BY 25-HYDROXYVITAMIN D DURING REVERSAL OF
HYPOMAGNESAEMIA. Clin. Endocrinol. 1989, 31, 31–38. [CrossRef]
110. Hardwick, L.L.; Jones, M.R.; Brautbar, N.; Lee, D.B.N. Magnesium Absorption: Mechanisms and the Influence of Vitamin D,
Calcium and Phosphate. J. Nutr. 1991, 121, 13–23. [CrossRef]
111. Veronese, N.; Stubbs, B.; Solmi, M.; Noale, M.; Vaona, A.; Demurtas, J.; Maggi, S. Dietary magnesium intake and fracture risk:
Data from a large prospective study. Br. J. Nutr. 2017, 117, 1570–1576. [CrossRef]
112. Deng, X.; Song, Y.; Manson, J.E.; Signorello, L.B.; Zhang, S.M.; Shrubsole, M.J.; Ness, R.M.; Seidner, D.L.; Dai, Q. Magnesium,
vitamin D status and mortality: Results from US National Health and Nutrition Examination Survey (NHANES) 2001 to 2006
and NHANES III. BMC Med. 2013, 11. [CrossRef]
Nutrients 2021, 13, 180 21 of 23
113. Dai, Q.; Zhu, X.; E Manson, J.; Song, Y.; Li, X.; A Franke, A.; Costello, R.B.; Rosanoff, A.; Nian, H.; Fan, L.; et al. Magnesium status
and supplementation influence vitamin D status and metabolism: Results from a randomized trial. Am. J. Clin. Nutr. 2018, 108,
1249–1258. [CrossRef]
114. Chocano-Bedoya, P.; Ronnenberg, A.G. Vitamin D and tuberculosis. Nutr. Rev. 2009, 67, 289–293. [CrossRef]
115. Beard, J.A.; Bearden, A.; Striker, R. Vitamin D and the anti-viral state. J. Clin. Virol. 2011, 50, 194–200. [CrossRef]
116. Brighenti, S.; Bergman, P.; Martineau, A.R. Vitamin D and tuberculosis: Where next? J. Intern. Med. 2018. [CrossRef]
117. Dini, C.; Bianchi, A. The potential role of vitamin D for prevention and treatment of tuberculosis and infectious diseases. Annali
dell’Istituto Superiore Sanità 2012, 48, 319–327. [CrossRef]
118. Reid, D.; Toole, B.J.; Knox, S.; Talwar, D.; Harten, J.; O’Reilly, D.S.J.; Blackwell, S.; Kinsella, J.; McMillan, D.C.; Wallace, A.M.; et al.
The relation between acute changes in the systemic inflammatory response and plasma 25-hydroxyvitamin D concentrations after
elective knee arthroplasty. Am. J. Clin. Nutr. 2011, 93, 1006–1011. [CrossRef]
119. Borella, E.; Nesher, G.; Israeli, E.; Shoenfeld, Y. Vitamin D: A new anti-infective agent? Ann. N. Y. Acad. Sci. 2014, 1317, 76–83.
[CrossRef]
120. Arboleda, J.F.; Urcuqui-Inchima, S. Vitamin D Supplementation: A Potential Approach for Coronavirus/COVID-19 Therapeutics?
Front. Immunol. 2020, 11. [CrossRef]
121. Grant, W.B.; Lahore, H.; McDonnell, S.L.; Baggerly, C.A.; French, C.B.; Aliano, J.L.; Bhattoa, H.P. Evidence that Vitamin D
Supplementation Could Reduce Risk of Influenza and COVID-19 Infections and Deaths. Nutrients 2020, 12, 988. [CrossRef]
122. Rejnmark, L.; Bislev, L.S.; Cashman, K.D.; Eiríksdottir, G.; Gaksch, M.; Gruebler, M.; Grimnes, G.; Gudnason, V.; Lips, P.; Pilz, S.;
et al. Non-skeletal health effects of vitamin D supplementation: A systematic review on findings from meta-analyses summarizing
trial data. PLoS ONE 2017, 12, e0180512. [CrossRef]
123. Martineau, A.R.; A Jolliffe, D.; Hooper, R.L.; Greenberg, L.; Aloia, J.F.; Bergman, P.; Dubnov-Raz, G.; Esposito, S.; Ganmaa, D.;
Ginde, A.A.; et al. Vitamin D supplementation to prevent acute respiratory tract infections: Systematic review and meta-analysis
of individual participant data. BMJ 2017, 356, i6583. [CrossRef]
124. Liu, M.; Yang, H.; Mao, Y. Magnesium and liver disease. Ann. Transl. Med. 2019, 7, 578. [CrossRef]
125. Liu, Y.; Xu, Y.; Ma, H.; Wang, B.; Xu, L.; Zhang, H.; Song, X.; Gao, L.; Liang, X.; Ma, C. Hepatitis B virus X protein amplifies
TGF-beta promotion on HCC motility through down-regulating PPM1a. Oncotarget 2016, 7, 33125–33135.
126. Nasser, R.; Naffaa, M.E.; Mashiach, T.; Azzam, Z.S.; Braun, E. The association between serum magnesium levels and community-
acquired pneumonia 30-day mortality. BMC Infect. Dis. 2018, 18, 698.
127. Bhatt, S.P.; Khandelwal, P.; Nanda, S.; Stoltzfus, J.C.; Fioravanti, G.T. Serum magnesium is an independent predictor of frequent
readmissions due to acute exacerbation of chronic obstructive pulmonary disease. Respir. Med. 2008, 102, 999–1003. [CrossRef]
128. Tannou, T.; Koeberle, S.; Manckoundia, P.; Aubry, R. Multifactorial immunodeficiency in frail elderly patients: Contributing
factors and management. Méd. Mal. Infect. 2019, 49, 167–172. [CrossRef]
129. Sadighi Akha, A.A. Aging and the immune system: An overview. J. Immunol. Methods 2018, 463, 21–26.
130. Herzig, C.T.A.; Dick, A.W.; Sorbero, M.; Pogorzelska-Maziarz, M.; Cohen, C.C.; Larson, E.L.; Stone, P.W. Infection Trends in US
Nursing Homes, 2006-2013. J. Am. Med. Dir. Assoc. 2017, 18, 635.e9–635.e20. [CrossRef]
131. Yorita, K.L.; Holman, R.C.; Steiner, C.A.; Sejvar, J.J.; Stoll, B.J.; Schonberger, L.B. Infectious Disease Hospitalizations in the United
States. Clin. Infect. Dis. 2009, 49, 1025–1035. [CrossRef]
132. WHO. Global Health Estimates 2016: Estimated Deaths by Age, Sex and Cause; WHO: Geneva, Switzerland, 2016; Available online:
https://www.who.int/healthinfo/global_burden_disease/estimates/en/ (accessed on 1 December 2020).
133. Chiara, T.; Victoria, C.C.; Giulia, A.; Cristina, B.; Stefano, C.; Matilde, C.; Rita, D.M.; Viviana, G.; Beata, J.; Leopoldo, S.; et al.
Health-Care-Associated Infections Management, sow the seed of good habits: A grounded theory study. Acta Biomed. 2019, 90,
26–33.
134. Freedman, V.A.; Martin, L.G. Contribution of chronic conditions to aggregate changes in old-age functioning. Am. J. Public Health
2000, 90, 1755–1760. [CrossRef]
135. Meurer, W.J.; Losman, E.D.; Smith, B.L.; Malani, P.N.; Younger, J.G. Short-term functional decline of older adults admitted for
suspected sepsis. Am. J. Emerg. Med. 2011, 29, 936–942. [CrossRef]
136. Johnstone, J.; Eurich, D.T.; Majumdar, S.R.; Jin, Y.; Marrie, T.J. Long-term morbidity and mortality after hospitalization with
community-acquired pneumonia: A population-based cohort study. Medicine 2008, 87, 329–334.
137. Curns, A.T.; Holman, R.C.; Sejvar, J.J.; Owings, M.F.; Schonberger, L.B. Infectious disease hospitalizations among older adults in
the United States from 1990 through 2002. Arch. Intern. Med. 2005, 165, 2514–2520.
138. Elias, R.; Hartshorn, K.; Rahma, O.; Lin, N.; Snyder-Cappione, J.E. Aging, immune senescence, and immunotherapy: A compre-
hensive review. Semin. Oncol. 2018, 45, 187–200.
139. Agarwal, S.; Busse, P.J. Innate and adaptive immunosenescence. Ann. Allergy Asthma Immunol. 2010, 104, 183–190.
140. Castle, S.C.; Uyemura, K.; Fulop, T.; Makinodan, T. Host Resistance and Immune Responses in Advanced Age. Clin. Geriatr. Med.
2007, 23, 463–479. [CrossRef]
141. Shahid, Z.; Kalayanamitra, R.; McClafferty, B.; Kepko, D.; Ramgobin, D.; Nitasa Sahu, M.D.; Dhirisha Bhatt, M.D.; Kirk Jones, P.D.;
Reshma Golamari, M.D.; Rohit Jain, M.D. COVID-19 and Older Adults: What We Know. J. Am. Geriatr. Soc. 2020, 68, 926–929.
142. Emami, A.; Javanmardi, F.; Pirbonyeh, N.; Akbari, A. Prevalence of Underlying Diseases in Hospitalized Patients with COVID-19:
A Systematic Review and Meta-Analysis. Arch. Acad. Emerg. Med. 2020, 8, e35.
Nutrients 2021, 13, 180 22 of 23
143. Zhou, P.; Yang, X.-L.; Wang, X.-G.; Hu, B.; Zhang, L.; Zhang, W.; Si, H.-R.; Zhu, Y.; Li, B.; Huang, C.-L.; et al. A pneumonia
outbreak associated with a new coronavirus of probable bat origin. Nat. Cell Biol. 2020, 579, 270–273. [CrossRef]
144. WHO. Coronavirus Disease (COVID-19) Dashboard. Available online: https://covid19.who.int/?gclid=Cj0KCQjw0rr4BRCtARIsAB0_4
8NF8a417ap3xz5a6rC5bv4LHq4iaWP5iTQPyvEhFlQLpGa7fyo6R0aAhVTEALw_wcB (accessed on 14 December 2020).
145. Fajgenbaum, D.C.; June, C.H. Cytokine Storm. N. Engl. J. Med. 2020, 383, 2255–2273. [CrossRef]
146. Perrotta, F.; Corbi, G.; Mazzeo, G.; Boccia, M.; Aronne, L.; D’Agnano, V.; Komici, K.; Mazzarella, G.; Parrella, R.; Bianco, A.
COVID-19 and the elderly: Insights into pathogenesis and clinical decision-making. Aging Clin. Exp. Res. 2020, 32, 1599–1608.
[CrossRef]
147. Li, P.; Chen, L.; Liu, Z.; Pan, J.; Zhou, D.; Wang, H.; Gong, H.; Fu, Z.; Song, Q.; Min, Q.; et al. Clinical features and short-term
outcomes of elderly patients with COVID-19. Int. J. Infect. Dis. 2020, 97, 245–250. [CrossRef]
148. Sepulveda, E.R.; Stall, N.M.; Sinha, S.K. A Comparison of COVID-19 Mortality Rates Among Long-Term Care Residents in 12
OECD Countries. J. Am. Med Dir. Assoc. 2020, 21, 1572–1574. [CrossRef]
149. Abebe, E.C.; Dejenie, T.A.; Shiferaw, M.Y.; Malik, T. The newly emerged COVID-19 disease: A systemic review. Virol. J. 2020, 17,
1–8. [CrossRef]
150. Nielsen, F.H. Magnesium, inflammation, and obesity in chronic disease. Nutr. Rev. 2010, 68, 333–340. [CrossRef]
151. Dominguez, L.; Barbagallo, M. The biology of the metabolic syndrome and aging. Curr. Opin. Clin. Nutr. Metab. Care 2016, 19,
5–11. [CrossRef]
152. Dietz, W.; Santos Burgoa, C. Obesity and its Implications for COVID-19 Mortality. Obesity 2020, 28, 1005.
153. Wadman, M. Why obesity worsens COVID-19. Science 2020, 369, 1280–1281. [CrossRef]
154. Iotti, S.; Wolf, F.; Mazur, A.; A Maier, J. The COVID-19 pandemic: Is there a role for magnesium? Hypotheses and perspectives.
Magnes. Res. 2020, 1. [CrossRef]
155. Wallace, T. Combating COVID-19 and Building Immune Resilience: A Potential Role for Magnesium Nutrition? J. Am. Coll. Nutr.
2020, 39, 685–693. [CrossRef]
156. Tan, C.W.; Ho, L.P.; Kalimuddin, S.; Cherng, B.P.Z.; Teh, Y.E.; Thien, S.Y.; Wong, H.M.; Tern, P.J.W.; Chandran, M.; Chay, J.W.M.;
et al. Cohort study to evaluate the effect of vitamin D, magnesium, and vitamin B12 in combination on progression to severe
outcomes in older patients with coronavirus (COVID-19). Nutrient 2020, 79. [CrossRef]
157. Tang, C.-F.; Ding, H.; Jiao, R.-Q.; Wu, X.-X.; Kong, L.-D. Possibility of magnesium supplementation for supportive treatment in
patients with COVID-19. Eur. J. Pharmacol. 2020, 886. [CrossRef]
158. Ilie, P.C.; Stefanescu, S.; Smith, L. The role of vitamin D in the prevention of coronavirus disease 2019 infection and mortality.
Aging Clin. Exp. Res. 2020, 32, 1195–1198. [CrossRef]
159. Meltzer, D.O.; Best, T.J.; Zhang, H.; Vokes, T.; Arora, V.; Solway, J. Association of Vitamin D Status and Other Clinical Characteris-
tics with COVID-19 Test Results. JAMA Netw. Open 2020, 3, e2019722. [CrossRef]
160. Bernheim, A.; Mei, X.; Huang, M.; Yang, Y.; Fayad, Z.A.; Zhang, N.; Diao, K.; Lin, B.; Zhu, X.; Li, K.; et al. Chest CT Findings in
Coronavirus Disease-19 (COVID-19): Relationship to Duration of Infection. Radiology 2020, 295. [CrossRef]
161. Zheng, Y.-Y.; Ma, Y.-T.; Zhang, J.; Xie, X. COVID-19 and the cardiovascular system. Nat. Rev. Cardiol. 2020, 17, 259–260. [CrossRef]
162. Zimmer, H.G. Effects of magnesium orotate on rat heart function. Cardioscience 1994, 5, 55–61.
163. Gao, C.; Cai, Y.; Zhang, K.; Zhou, L.; Zhang, Y.; Zhang, X.; Li, Q.; Li, W.; Yang, S.; Zhao, X.; et al. Association of hypertension
and antihypertensive treatment with COVID-19 mortality: A retrospective observational study. Eur. Heart J. 2020, 41, 2058–2066.
[CrossRef]
164. Katulanda, P.; Dissanayake, H.A.; Ranathunga, I.; Vithiya, R.; Wijewickrama, P.S.A.; Yogendranathan, N.; Gamage, K.K.K.; De
Silva, N.L.; Sumanatilleke, M.; Somasundaram, N.; et al. Prevention and management of COVID-19 among patients with diabetes:
An appraisal of the literature. Diabetologia 2020, 63, 1440–1452. [CrossRef]
165. O’Driscoll, M.; Ribeiro Dos Santos, G.; Wang, L.; Cummings, D.A.T.; Azman, A.S.; Paireau, J.; Fontanet, A.; Cauchemez, S.; Salje,
H. Age-specific mortality and immunity patterns of SARS-CoV-2. Nature 2020. [CrossRef]
166. Barbagallo, M.; Dominguez, L.J.; Galioto, A.; Ferlisi, A.; Cani, C.; Malfa, L.; Pineo, A.; Paolisso, G. Role of magnesium in insulin
action, diabetes and cardio-metabolic syndrome X. Mol. Aspects Med. 2003, 24, 39–52.
167. Chernow, B.; Bamberger, S.; Stoiko, M.; Vadnais, M.; Mills, S.; Hoellerich, V.; Warshaw, A.L. Hypomagnesemia in Patients in
Postoperative Intensive Care. Chest 1989, 95, 391–397. [CrossRef]
168. Escuela, M.P.; Guerra, M.; Celaya, S.; Añón, J.M.; Martínez-Vizcaíno, V.; Zapatero, M.D.; García-Jalón, A. Total and ionized serum
magnesium in critically ill patients. Intensiv. Care Med. 2005, 31, 151–156. [CrossRef]
169. Hansen, B.-A.; Bruserud, Ø. Hypomagnesemia in critically ill patients. J. Intensiv. Care 2018, 6, 1–11. [CrossRef]
170. Ackermann, M.; Verleden, S.E.; Kuehnel, M.; Haverich, A.; Welte, T.; Laenger, F.; Vanstapel, A.; Werlein, C.; Stark, H.; Tzankov,
A.; et al. Pulmonary Vascular Endothelialitis, Thrombosis, and Angiogenesis in Covid-19. N. Engl. J. Med. 2020, 383, 120–128.
[CrossRef]
171. Libby, P.; Luscher, T. COVID-19 is, in the end, an endothelial disease. Eur. Heart J. 2020, 41, 3038–3044.
172. Barbagallo, M.; Dominguez, L.; Galioto, A.; Pineo, A.; Belvedere, M. Oral magnesium supplementation improves vascular
function in elderly diabetic patients. Magnes. Res. 2010, 23, 131–137.
173. Shechter, M.; Sharir, M.; Labrador, M.J.P.; Forrester, J.; Silver, B.; Merz, C.N.B. Oral Magnesium Therapy Improves Endothelial
Function in Patients With Coronary Artery Disease. Circulation 2000, 102, 2353–2358. [CrossRef]
Nutrients 2021, 13, 180 23 of 23
174. Marques, B.C.A.A.; Klein, M.R.S.T.; Da Cunha, M.R.; Mattos, S.D.S.; Nogueira, L.D.P.; De Paula, T.; Corrêa, F.M.; Oigman, W.;
Neves, M.F. Effects of Oral Magnesium Supplementation on Vascular Function: A Systematic Review and Meta-analysis of
Randomized Controlled Trials. High Blood Press. Cardiovasc. Prev. 2019, 27, 19–28. [CrossRef]
175. Coperchini, F.; Chiovato, L.; Croce, L.; Magri, F.; Rotondi, M. The cytokine storm in COVID-19: An overview of the involvement
of the chemokine/chemokine-receptor system. Cytokine Growth Factor Rev. 2020, 53, 25–32. [CrossRef]
176. Altura, B.M.; Gebrewold, A.; Ising, H.; Gunther, T. Magnesium deficiency and hypertension: Correlation between magnesium-
deficient diets and microcirculatory changes in situ. Science 1984, 223, 1315–1317. [CrossRef]
177. Iseri, L.T.; French, J.H. Magnesium: Nature’s physiologic calcium blocker. Am. Hear. J. 1984, 108, 188–193. [CrossRef]
178. Louvet, L.; Büchel, J.; Steppan, S.; Passlick-Deetjen, J.; Massy, Z. Magnesium prevents phosphate-induced calcification in human
aortic vascular smooth muscle cells. Nephrol. Dial. Transplant. 2012, 28, 869–878. [CrossRef]
179. Evans, P.C.; Rainger, G.E.; Mason, J.C.; Guzik, T.J.; Osto, E.; Stamataki, Z.; Neil, D.; E Hoefer, I.; Fragiadaki, M.; Waltenberger,
J.; et al. Endothelial dysfunction in COVID-19: A position paper of the ESC Working Group for Atherosclerosis and Vascular
Biology, and the ESC Council of Basic Cardiovascular Science. Cardiovasc. Res. 2020, 116, 2177–2184. [CrossRef]
180. Varga, Z.; Flammer, A.J.; Steiger, P.; Haberecker, M.; Andermatt, R.; Zinkernagel, A.S.; Mehra, M.R.; A Schuepbach, R.; Ruschitzka,
F.; Moch, H. Endothelial cell infection and endotheliitis in COVID-19. Lancet 2020, 395, 1417–1418. [CrossRef]
181. Wiersinga, W.J.; Rhodes, A.; Cheng, A.C.; Peacock, S.J.; Prescott, H.C. Pathophysiology, Transmission, Diagnosis, and Treatment
of Coronavirus Disease 2019 (COVID-19): A Review. JAMA 2020, 324, 782–793.
182. Maier, J. Endothelial cells and magnesium: Implications in atherosclerosis. Clin. Sci. 2011, 122, 397–407. [CrossRef]
183. Sheu, J.-R.; Hsiao, G.; Shen, M.-Y.; Fong, T.-H.; Chen, Y.-W.; Lin, C.-H.; Chou, D.-S. Mechanisms involved in the antiplatelet
activity of magnesium in human platelets. Br. J. Haematol. 2002, 119, 1033–1041.
184. Pereira, M.; Damascena, A.D.; Azevedo, L.M.G.; Oliveira, T.D.A.; Santana, J.D.M. Vitamin D deficiency aggravates COVID-19:
Systematic review and meta-analysis. Crit. Rev. Food Sci. Nutr. 2020, 1–9. [CrossRef]
185. De Smet, D.; De Smet, K.; Herroelen, P.; Gryspeerdt, S.; Martens, G.A. Serum 25(OH)D Level on Hospital Admission Associated
With COVID-19 Stage and Mortality. Am. J. Clin. Pathol. 2020. [CrossRef]
186. Jain, A.; Chaurasia, R.; Sengar, N.S.; Singh, M.; Mahor, S.; Narain, S. Analysis of vitamin D level among asymptomatic and
critically ill COVID-19 patients and its correlation with inflammatory markers. Sci. Rep. 2020, 10, 20191. [CrossRef]
